Abstract-Shear wave elasticity imaging (SWEI) has found success in liver fibrosis staging. However, technical failure and unreliable shear wave speed (SWS) estimation have been reported to increase both with elevated patient body mass index (BMI) and in the presence of significant hepatic fibrosis. Elevated BMI results in a significant amount of subcutaneous fat which attenuates acoustic radiation force (ARF) and abberates tracking beams. Advanced fibrosis results in small displacement amplitudes in stiff livers. This work evaluates hepatic SWEI measurement success as a function of push pulse energy using 2 Mechanical Index (MI) values (1.6 and 2.2) over a range of pulse durations. The rate of successful SWS estimation for 8 repeated measurements is linearly proportional to the push energy level. As expected, elevated push energy in SWEI measurements results in higher displacement signal-to-noise ratio (SNR). SWEI measurements with elevated push energy are successful in patients for whom standard push energy levels failed. Deep liver capsule is shown to be an indicator for lower yield of SWS estimation. Patients with deep liver capsules are likely to benefit from elevated push energies. We conclude that there is clinical benefit to using elevated acoustic output for hepatic SWS measurement in "difficult to image" patients.
I. INTRODUCTION
Shear Wave Elasticity Imaging [1] has been introduced commercially and is finding success in the staging of liver fibrosis [2] . However, technical failure and unreliable measurement rates for liver stiffness have been reported to increase both with elevated patient BMI (a measure of obesity) [3] , and in the presence of significant hepatic fibrosis [4] . These challenges likely result from significant propagation distances of ultrasound waves through subcutaneous fat in elevated BMI patients, which can attenuate ARFI excitations and abberate tracking ultrasound beams, as well as decreasing displacement amplitudes with increasing liver stiffness. In the presence of these limitations, current clinical SWEI protocols require 10 successful measurements for each patient, and record the median value of the 10 measurements [5] . Herein we test the hypothesis that a stronger acoustic radiation force excitation will increase the SNR of the shear wave signal, and lead to an increase in the percentage of successful SWS estimates. Technical approaches to increase ARFI push energy include (1) generating higher intensities (I) and (2) increasing the duration of the ARFI excitation. However, the peak pressure, and thus intensity, of commercial systems is limited by the U.S Food and Drug Administration (FDA) guidelines on Mechanical index (M I = P −.3 / √ F c , where P −.3 is the peak-rarefactional pressure derated by α = 0.3 dB·cm −1 MHz −1 , F c is the center frequency) [6] .
This work presents a clinical study that evaluates hepatic SWEI measurement success as a function of push pulse energy using 2 MI values (1.6 and 2.2) over a range of pulse durations. The goal is to quantify the effect of increasing pulse energy on measurement success.
II. METHODS
Group SWS was measured using a modified Siemens Acuson SC2000™ ultrasound scanner (Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA) and the Acuson 4C1 curvilinear transducer from patients evaluated for known or potential liver diseases. Each measurement consisted of 8 SWEI excitations, each with different ARF push energy configurations. Four of 8 excitations had an MI of 1.6, which is typical of ARFI/SWEI imaging on most commercial products; and through increased excitation voltage, the other four had a higher MI of 2.2. Pairs of MI 1.6 and 2.2 sequences had matched scanner excitation energy (E) by adjusting the pulse duration. The scanner excitation energy E was calculated as the energy used to generate the ARF excitation (Equation 1).
where V rms is the root mean square of the excitation voltage, R is the transducer impedance at the center frequency of the push pulse, and t is the push duration. E has units of mJ. The push pulse duration ranged from 157 μs -1 ms, and the I sppa derated by α = 0.3 dB·cm −1 MHz −1 at 2.2 MHz measured in water ranged from 420 -730 W/cm 2 . Table I presents a summary of the 8 ARFI excitations. The smallest energy used in this study was 4.0 mJ (Sequence #1 in bold), which is typical of commercial SWEI levels. The push pulse was transmitted at 2.2 MHz, and had a fixed F/1.5 focus near 50 mm axially. Pulse-inversion harmonic tracking at 4 MHz was used for all sequences, to reduce the clutter in tracking data [7] . The track pulses were transmitted with an F/3 focus at 150 mm, and were received with dynamic focusing with an F/1 configuration. Eight repeated measurements were performed in each patient, and the order of the 8 excitations within each measurement was randomized to avoid systematic errors.
SWS was reconstructed using the Random Sample Consensus (RANSAC) [8] and Radon Sum (LATSUM) [9] algo- rithms applied to arrival times of the peak particle velocities. SWEI acquisitions with less than 50% inliers in the RANSAC algorithm were considered unsuccessful and were rejected. In addition, acquisitions were also rejected when the SWS estimates from the two algorithms differed by more than 15%.
Differences between SWS measurements as a function of energy level were determined using ANOVA for each patient.
Intensity measurements were made in accordance with AIUM/NEMA standard [10] . The pressure waveform was estimated from the recorded voltage waveform by deconvolution based on the magnitude of the sensitivity of the hydrophone [11] . After voltage to pressure conversion, the MI was obtained by derating the peak-rarefactional pressure by 0.3 dB·cm −1 MHz −1 at the center frequency (2.2 MHz) of the transmit waveform, and then dividing by the square root of center frequency of the push pulse [6] .
26 patients with known or potential chronic liver diseases were recruited. This clinical study was approved by the Institutional Review Board at the Duke University, and each study subject provided written informed consent prior to enrollment. Patient age, BMI, and fibrosis stage (if a liver biopsy had been performed) were recorded. Liver capsule depth was measured from the Bmode image for each study subject. All 8 repeated SWEI measurements per study subject were performed at the inferior intercostal location, and a single trained imager completed all imaging tasks to avoid inter-operator variability [12] .
III. RESULTS Figure 1 shows example RANSAC and LATSUM results. The rejection criteria passed the top row data as a successful SWS estimate, while the bottom row shows a dataset that was rejected due to low percentage of inliers and disparity between the 2 results.
Figure 2 (a) shows the total percent yield of successful SWS measurements as a function of scanner energy (E). The number of successful SWS reconstructions was summed over 8 repeated measurements for all 26 subjects to create total yield at each push energy level. The percent yield was then calculated by normalizing the total yield by the total number of measurements at each energy level (8 repeated measurements × 26 study subjects = 208). The total percent yield for the highest energy excitation was 48%, and that for the lowest Example RANSAC and LATSUM SWS reconstructions. In the RANSAC data, the blue points depict inliers of shear wave arrival times, while the red points depict outliers. The gray plane shows the 3D plane that best fits the arrival time profile. In the LATSUM data, which was averaged through depth, the line depicts the best fit that approximates the shear wave trajectory. The top row shows the RANSAC and LATSUM fit of a successful SWS reconstruction, there were 98% inliers in the RANSAC fit, and the estimates are within 8% of each other. The bottom row shows an unsuccessful SWS reconstruction, where the data is so noisy that no shear wave propagation is evident. There were only 28% inliers in RANSAC fit, and the RANSAC and LATSUM fits were arbitrary, with the SWS estimates differing by 75%.
energy excitation was only 9%. The rate of successful SWS reconstruction is linearly proportional to the amount of the energy deposition in the liver. Figure 2 (b) shows the normalized peak displacements resulting from ARFI excitations with various push energy levels. For each patient, the peak displacements were normalized to the displacement level at the lowest energy level. The peak displacements increase with increasing energy, as expected. (a): All patient combined percent yield linearly increases with increasing push energy. 8 excitations were shown here, four at MI 1.6 and four at MI 2.2. The dashed line shows the linear fit. (b): Normalized peak ARFI displacement versus transmit push energy. The error bars represent variation across the 26 study subjects. For each subject, the displacements were normalized to the amplitude at the lowest push energy level. Figure 3 shows the p-values of the ANOVA analysis for the 19 study subjects that produced successful SWS estimates at more than one push energy level. 17 out of 19 study subjects have p > 0.05, indicating that the SWS estimates from all push energy levels are not significantly different. Two out of 19 study subjects (S1 and S4) have p < 0.05, indicating the SWS estimates from at least one push energy are significantly different from the rest of the estimates. Both of these two subjects had few successful measures with outliers at the lower energy levels. Figure 4 further evaluates the energy threshold in the data and includes liver depth information. Figure 4 shows the number of study subjects for whom the energy level specified was the smallest energy level that produced a successful SWS estimate, and the color of the bars represents liver capsule depth. Out of the 26 study subjects, 11 had successful SWS estimates at E = 4.0 mJ (typical of commercial SWEI). 9 had successful SWS estimates only at elevated push energy levels (E >= 6.0 mJ), and 6 subjects failed to yield any successful SWS reconstructions. All 6 failed subjects had deep liver capsules (>= 35 mm), and three of these 6 subjects had advanced fibrosis (stage 3 or 4). The 6 failed patients had significantly deeper liver capsules (45.0 ± 6.3 mm) than the rest (33.5 ± 7.3 mm) of the study population (p < 0.001).
In order to determine whether patients with deep liver capsules had lower yield, the 26 study subjects were divided into 2 groups, one with shallow liver capsule depths less than 35 mm (light gray bars), and the other with liver capsule depths greater than 35 mm (black bars). The percentages in Figure 4 show the proportion of patients with shallow livers at each energy cut-off (i.e. the ratio of gray to black in each bar). The 5 patients that only succeeded at E >= 15.2 mJ and 6 failed patients have 60% and 100% deep livers respectively. Figure 5 shows the percentage of study subjects that produced at least one SWS estimate at each push energy level for both shallow and deep livers. 54% of patients with shallow livers succeeded at E = 4.0 mJ, and 100% succeeded at E = 15.2 mJ. In contrast, only 31% of patients with deep livers succeeded at E = 4.0 mJ, increasing to only 54% at E = 15.2 mJ.
IV. DISCUSSION
Figure 2 (a) shows that percent yield linearly increases with increasing push energy. Higher energy leads to higher displacement and higher SNR of the shear wave signal, as tissue displacement is directly related to ARF magnitude. As Figure 2 (b) shows, peak displacement also increases with increasing energy in all patients. Based on these findings, we conclude that in the clinical environment, the number of trials necessary to obtain 10 successful SWS estimates would likely decrease with increasing energy deposition.
The ANOVA analysis indicates that the successful SWS estimates from different push energy levels agree with each other. In Figure 3 , 17 out of 19 subjects produced p-value > 0.05, indicating that there is no difference between SWS estimates from the 8 push energy levels. The remaining 2 subjects had few successful measurements and outliers for low energy levels. In other words, the SWS estimates obtained in this study from all push energy levels agree with each other when reproducible measurements were obtained (>= 3 successful SWS estimates out of 8 repeated measures). We thus conclude that SWS is not dependent on pulse duration or MI, at least over the range of values explored herein.
All 6 subjects that failed at all energy levels had deep liver capsules, and three of these 6 subjects had advanced fibrosis. This is consistent with previous studies. High liver capsule depth means that the ultrasound wave has to travel further to reach the liver, leading to more pre-liver attenuation and thus smaller applied force. In addition, high BMI is typically associated with increased abberation both of the pushing and tracking pulses. Advanced fibrosis is associated with higher shear modulus [12] , resulting in smaller displacements under the same magnitude of ARFI excitation.
On the other hand, the elevated energy sequences (E >= 6.0 mJ) successfully obtained SWS estimates from 9 patients who otherwise failed, which comprised 35% the population in this study. Therefore, we conclude that there would be clinical benefit to using elevated output for SWEI measurements in these patients. Since the clinician would not have prior knowledge about a patient's fibrosis stage or SWS information before SWEI is performed, liver capsule depth could serve as a marker for the need for elevated output. In Figure 4 , 60% of the 5 patients which only produced successful SWS estimates at highest energy cut-off (E >= 15.2 mJ) and all of the 6 failed patients had deep livers. Figure 5 shows that 54% of patients with shallow livers succeeded at the energy level close to commercial systems (E = 4.0 mJ), where only 31% of patients with deep livers succeeded at this energy level. SWS measurements in patients with deep livers are more likely to fail using standard push energy levels, where elevated output could enable successful SWS measurements.
V. CONCLUSIONS
This study investigated the clinical benefit of using elevated push energy in hepatic SWEI. The rate of successful SWS reconstruction is shown to linearly increase with increasing push energy level, as ARFI displacement increases with increasing energy. With an elevated push energy, it takes fewer trials to obtain the same amount of successful SWS estimates, and also enables SWS estimates in previously failed patients. The successful SWS estimates from different energy levels are in agreement. Liver capsule depth >= 35 mm was an indicator of lower yield in this study. Patients with deep liver capsules were more likely to fail at standard push energy levels and thus would benefit from elevated output.
